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A new parallel-plate capacitor ﬁxture has been designed and successfully used to measure dielectric loss
of polyelectrolyte solutions with volumes as low as droplets of 13e26 mL. It is particularly useful when
studying polypeptides that are either high-cost or can be synthesized only in limited quantities. The ease
with which the ﬁxture can be used to obtain preliminary dielectric loss data yields savings in time and
cost. In this study capacitance measurements were performed in a wide range of frequencies between 1
and 800 MHz using an Agilent 4191RF Impedance Analyzer. Accuracy of measurements was carefully
examined through a comparison of measured conductivity of 1M NaCl against Stogryn's equation for
conductivity. A 0.3% difference between the experimentally measured and theoretically calculated results
has been found, demonstrating the validity of the proposed analysis method.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Dielectric relaxation has been used extensively to probe the
molecular structure of biological liquids and solids through several
methods which include open-ended coaxial lines, parallel plate
capacitors and wave guides [1e3]. A popular tool employed to
study dielectric properties is the open-ended coaxial line probe
that can be used in ﬁeld testing for a variety of materials including
agricultural products [4]. For the most part, however, milliliter-size
sample volumes are required for conducting typical measurements.
That presents a problem when studying polypeptides that are
either high-cost or can be synthesized only in limited quantities.
Hagl et al. [5] studied the minimum volume required to yield ac-
curate dielectric measurements of breast tissues through compar-
ison of two open-ended coaxial probes. The 3.58 mm diameter
probe required a minimum of 3.0 mm thickness. The 2.2 mm probe
required at least 1.5 mm of tissue thickness. Assuming a cylindrical
sensing volume, the 3.58 mm probe requires 30 mL of tissue. The
2.2mmprobe needs 6 mL. Herewe present a parallel-plate capacitoral).
onal University, Hanoi.
y Elsevier B.V. on behalf of Vietnamﬁxture that can measure dielectric loss of polyelectrolyte solutions
for volumes in the 13e20 mL range. Savings in time and cost stem
from the ease with which the ﬁxture yields preliminary data.
Poly(L-glutamic acid)[PLE] has been one of the most studied
amino acids as it presents an analogue to the investigation of
proteins. Of particular interest has been the investigation of its
conformational dynamics as a function of pHwhich tend from helix
at low pH to random coil at pH greater than 6e7 [6]. In contrast,
Poly-L-(glutamic acid4, Tyrosine1) [PLEY (4:1)] has not been as
extensively studied. Both polypeptides are weak polyacids.
Dielectric relaxation is a consequence of molecular polarizability.
PLE contains a dipolemoment parallel to the chain contourwhich is
responsible for polymer displacement as well as a perpendicular
component responsible for micro-Brownian side-chain dynamics
[7]. PLEY has similar dipole moments as PLE with the addition that
tyrosine gives it an additional polar molecule perpendicular to the
backbone. Using time domain reﬂectrometry with a coaxial line
method of measurement, Mashimo et al. observed dielectric
relaxation in the frequency region between 10 and 500 MHz. The
authors attributed this relaxation to electric dipole ﬂuctuations due
to micro-Brownian motion of polymer side chains [6,7]. Relaxation
time due to the parallel component reveals correlation time for
reorientation of the end-to-end distance vector of the longest-lived
relaxation mode and strength of dielectric relaxation directlyNational University, Hanoi. This is an open access article under the CC BY license
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this points to the importance of dielectric studies. Here we present
a quick and cost effective measurement method that provides in-
formation about a polyelectrolyte's dielectric loss using mL-size
droplets of solution.
2. Material and methods
We used an Agilent 4191A RF Impedance Analyzer set up to
measure Resistance (R) and Reactance (X) in series equivalent
mode. Measurements were recorded in two separate parts:
1 MHz  n  51 MHz and 50 MHz  n  800 MHz. The impedance
analyzer samples 50 frequency points. Therefore, low frequency
measurements gather data at a step frequency of 1 MHz. High
frequency data was recorded at 20 MHz steps. Each frequency
sweep was run ﬁve times and results at each frequency averaged.
Other groups have developed similar methods for high frequency
impedance measurements either with the type of impedance
analyzer here [9], or a vector network analyzer [10].
2.1. Polypeptides
Poly(L-glutamic acid) [PLE] of molecular weight 64 kDa and
Poly-L-(glutamic acid4, Tyrosine1) [PLEY (4:1)] of molecular weight
20e50 kDa were used as obtained from SigmaeAldrich (USA).
Aqueous solutions were prepared with deionized water of about
1 mS/cm. Nominal pH for PLE aqueous solutions were in the range of
7.5e7.6 placing it in the random coil regime. PLEY had a pH ofz6.2.
The solubility limit for PLE is about 20% w/v. PLEY is soluble up to
about 50% w/v. We studied highly concentrated samples of each
polypeptide.
2.2. Capacitance ﬁxture
Overall length of our ﬁxture was 7.7 cm and similar in con-
struction as [11], with the exception of the transmission lines (see
Fig.1).We utilized two lengths of 30 gauge uninsulated copper wire
soldered to SMA connectors. The ends of the wires not on SMA
connectors were soldered to a circular copper plate: D ¼ 3.18 mm,
thickness¼0.75mm. SMAconnectorswith copper plateswereﬁxed
to opposite sides of a Lexan board with a groove in the middle toFig. 1. a.) Picture of test ﬁxture as viewed from the top. Lexan board is transparent.
Consequently, the copper ground strip on the backside of the ﬁxture can be seen. b.)
Schematic of equivalent circuit as measured by the impedance analyzer. Inductive (XL)
and capacitive (XC) reactances are not separated by the analyzer. Measured reactance,
X, is a combination of both so that X¼ XLþ XC.facilitate placement of copper plate. A channel along the middle of
the Lexan board allowed thewires to be placedﬂat against the board
to minimize any kinks that might form. The SMA connector on the
other end of the test port is ﬁtted with a 50 U termination end-cap.
The gap between the round parallel plates was [ ¼ 1.64 mm. With
these dimensions one could easily calculate the theoretical open-air
capacitance, Co. Assuming εo ¼ 8.8542 1012 F/m and using
Co¼εoA/[ we obtained a Co¼ 0.04 pF. This value was signiﬁcantly
lower than the average Coc¼ 7 pF obtained from the impedance
analyzer over the spanned frequency range indicating severe elec-
trode fringe effects. We used Coc values as obtained from the
impedance analyzer as a sort of “cell constant” [12] to better
represent sample conditions. As will be shown later, our test set up
produced a resonance peak at around 500 MHz.
It must be noted that the ﬁxture only required a maximum of
approximately 26 mL of sample to conduct measurements. Liquid
surface tension maintained appropriate electrode coverage and
additionally formed a liquid cylinder between the electrodes. Due
to the relative speed of measurements evaporation was negligible.
All data was taken at a constant ambient temperature of 22 C.3. Dielectric parameters and capacitance equations
3.1. Dielectric parameters
Complex permittivity of a lossy medium is well-known. As a
function of angular frequency it is ε ¼ ε0 þ iuε00 [2,13e15], where ε0
is the real part of the permittivity that describes a material's
capability of storing energy, i ¼
ﬃﬃﬃﬃﬃﬃﬃ
1
p
,u ¼ 2pn, where n is the
measured frequency and ε
00
is the dielectric loss that quantiﬁes
energy dissipation within the medium. Further, the dielectric loss
can have dipolar and ionic components [15]. It can be written as
ε
00
dipolar ¼ ε
00  s=uεo; where s is the ionic mobility sometimes
termed the dc conductivity, sdc. At low frequencies ionic conduc-
tivity can be experimentally determined through a plot of
sdc ¼ εouε
00
; in units of U1 m1, versus u using a simple extrapo-
lation. However, the samples in this study are highly concentrated
polyelectrolytes that will tend to have an increased screening effect
at higher concentrations [14]. Therefore, in this study ionic mobility
was neglected and only the dipolar component analyzed.
It is clear to see in our ﬁxture (Fig. 1a), that there is a com-
bination of inductance and capacitance in the shorted circuit
when there is either a shorting conductor or a sample between
the capacitor plates. That combination of inductance and capac-
itance gives rise to reactance measurements captured by the
analyzer equipment (Fig. 1b). Inductance arising from an open
circuit in our test ﬁxture is negligible. As will be seen, fringing
effects at the sample-capacitor plate junctions increase with
increasing frequencies. We take the simple approach of ac-
counting for these through the use of the open circuit capaci-
tance, Coc, as measured with the impedance analyzer as well as
with dissipation factors.
It is possible to convert impedance analyzer measurements
from a series to a parallel equivalent circuit [13,16,17] through the
use of the tangent loss, t[ ¼ Tand. It must be noted that the analyzer
used in this study was hardwired to obtain measurements as a
series equivalent circuit when measuring R and X.
The relation for permittivity used in this study is given below.
ε
0 ¼ x

Cms
Coc
 
1
1þ t2[
!
 Cf ; (1)
where x is a calibration constant found by measuring deionized
water with the ﬁxture. Here, x ¼ 4. Cms is the measured sample
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term after the capacitance ratio is a dissipation factor for obtaining
ε
0
when capacitance is measured as a series equivalent circuit given
by [13]. The second term is purely a fringe effect term given by
Cf ¼

Csc
Co

Coc
Cos

: (2)
The equation above contains the ratio of short circuit capaci-
tance, Csc, caused by fringe effects, to theoretical open air capaci-
tance, Co. The ratio is multiplied by the average value of Coc/Cos,
where Cos is calculated by the difference in susceptance between an
open and short circuit. Coc was previously deﬁned.
The relation for dielectric loss used here is
ε
00 ¼ z

Cms
Coc
 
t[
1þ t2[
!
: (3)
Similar to permittivity, z is a calibration constant found by
measuring deionized water with the ﬁxture and is here z¼ 1/2. The
term after the capacitance ratio is the dissipation factor for
obtaining ε
00
when capacitance is measured as a series equivalent
circuit given by [13].
The ﬁrst terms in both equations are the well-known ratios that
give permittivity and dielectric loss [13e15], respectively.Fig. 2. Sample plots of 10, 15, 20% w/v PLE: a.) Plots of Xmeas bottom and Rmeas top for t
conductance (top) and susceptance (bottom); c.) Ratio of Csc/Co, on left axis, decreases fr
larization at low frequencies. Coc/Co, on right axis, remains constant at about 17 then steadil
around 500 MHz can easily be seen.3.2. Capacitance equations
The impedance analyzer was set to only measure resistance (R)
and reactance (X) components of impedance. Since the 4191 Agi-
lent impedance analyzer is hardwired to give R and X measure-
ments as series equivalent circuits [16,18], we converted those
readings to series equivalent conductance, susceptance and
capacitance as follows:
G ¼ R
R2 þ X2 (4)
B ¼ X
R2 þ X2 (5)
C ¼ B
u
: (6)
Tangent loss was calculated according to
t[ ¼ Tand ¼ GB: (7)
After calibration at the measurement port with a zero ohm cap,
a zero conductance cap and a 50 U cap, we characterized the
ﬁxture. We ﬁrst took R and X measurements with an open circuit,
where there was no sample between the capacitor plates, and thus
obtained Zoc. The circuit was then shorted by placing a thick piece ofhree PLE concentrations. Short circuit R and X are shown for reference; b.) Plots of
om above 300 at low frequencies to about 1 at high frequencies due to electrode po-
y increases to 22 at high frequencies due to capacitor fringe effects. Resonance peak at
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Fig. 3. Plot of permittivity (blue line, left axis) and dielectric loss (green line, right axis)
as functions of frequency for a.) deionized water and b.) 15% w/v PLE. Points at reso-
nance were omitted for ease of visibility.
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both measures we arrived at the test ﬁxture characteristic imped-
ance, Zo, according to Zo ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ZocZsc
p
. A 50 U end cap was used during
characterization and sample measurements.
With this method and using (4)e(6) we calculated Bxx,Gxx, and
Cxx where xx ¼ short circuit (sc), open circuit (oc) and measured
sample (ms). Tangent loss was calculated by t[ ¼ Gms/Bms.
Since Xoc[Roc for an open circuit, we found Coc was the
same calculated as either a series or parallel equivalent circuit.
The Cos denominator appearing in (2) was calculated as.
Cos¼ (Boc Bsc)/u.
Fig. 2a and b presents data for three concentrations of PLE: 10,
15 and 20% w/v. Fig. 2a presents sample data as obtained from
the impedance analyzer: R (top of graph) and X (bottom of
graph). It also shows R and X data for a shorted circuit as a
reference. Fig. 2b shows calculated conductance (top) and sus-
ceptance (bottom) for those same PLE concentrations. Conduc-
tance decreases at higher frequencies. Susceptance initially
decreases at lower frequencies but sharply increases at higher
frequencies. The ﬁxture resonance peak at around 500 MHz can
easily bee seen in these two plots.
Fig. 2c shows data characteristic to the ﬁxture. Ratio of Csc/Co,
on left axis, decreases from above 300 at low frequencies to about 1
at high frequencies due to electrode polarization at low fre-
quencies. Coc/Co, on right axis, remains constant at about 17 then
steadily increases to 22 at high frequencies due to capacitor fringe
effects. These effects are taken into account in the permittivity
calculation.4. Results
R and X data obtained from the impedance analyzer was pro-
cessed with a Matlab© program to obtain plots of permittivity and
dielectric loss using Eqs. (1) and (3), respectively. Fig. 3a shows the
relationship between permittivity (blue line, left axis) and dielec-
tric loss (green line, right axis) for deionized water. DI water was
used to calibrate ﬁxture and obtain values for x and z. Electrode
polarization is evidenced at lower frequencies. Permittivities
greater than 82 occur at frequencies below 55 MHz. As evidenced
by the dielectric loss two peaks are present: a larger one at
235 MHz with ε
00 ¼ 2:6 and a smaller one at 460 MHz with ε00 ¼ 0:5.
Dielectric loss peaks coincide with permittivity decreases. It is
known that free pure water has a maximum dielectric loss at
2.45 GHz. However, the polar nature of water molecules permits
rotational motion within microwave frequencies. Indeed the
dielectric loss peaks appear within the range of studies by Komarov
et al. [19]. Where it was found that DI water had ε
00 ¼ 0:03 at
27 MHz and ε
00 ¼ 3:6 at 915 MHz.
Values of x and z were applied to equations (1) and (3) to
generate subsequent plots. Fig. 3b shows permittivity and dielectric
loss for a representative sample of 15% w/v PLE. Points at resonance
were omitted for ease of visibility. Dielectric loss increases as
permittivity decreases then shows a peak at the relaxation fre-
quency, thereafter decreasing towards a plateau along with
permittivity. This is the typical relationship between permittivity
and dielectric loss.
Fig. 4 (a)e(c) shows plots of permittivity and dielectric loss
versus frequency in the range of 50 MHz  n  800 MHz and
ColeeCole plots.
As a double check, we measured conductivity of 1M NaCl with
our ﬁxture and compared it against the theoretical value given by
Stogryn's equation [20] at 22 C of s¼ 8.075U1m1.We calculated
conductivity as
s ¼ 3

εoGms
Co

: (8)
Fig. 4d presents conductivity as a function of frequency calculated
with (8) for 1M NaCl, three concentrations of PLE and three con-
centrations of PLEY. The value for conductivity of each material was
obtained through a linear extrapolation of the plot of s versus u at
frequencies in the range of 1 MHz n  51 MHz. Conductivity of 1M
NaCl as obtained with (8) was s ¼ 8.1. This is in 0.3% error with
Stogryn's equation at 22 C. Table 1 presents conductivities as ob-
tained through this procedure. The high conductivities of PLE and
PLEYarenot surprisinggiven thehighpolyelectrolyte concentrations.5. Discussion
We brieﬂy discuss here some information gleaned from mea-
surements of PLE and PLEY. Peaks in the dielectric loss curves are
related to relaxation time, which is a molecular probe of dielectric
material. Relaxation time is inverse of relaxation frequency ac-
cording to tc¼ 1/uc¼ 1/2pnc. Therefore, lower relaxation times
occur at higher relaxation frequencies. Conversely, higher relaxa-
tion times occur at lower frequencies.
There are three prevailing mechanisms that affect relaxation
time of a polymer: 1.) For micro-Brownian motion of the polymer
side chain, it increases with increasing concentration [8,21]; 2) In
general, it increases with increasing molecular weight of polymer
[22]; and 3.) It increases for increasingly prevailing rigid polymer
chains [6,7,21,23]. Fig. 4b shows the ﬁrst trend where relaxation
frequency for both PLE and PLEY decreases with increasing con-
centration, such that relaxation time increases as concentration is
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Fig. 4. Plots of a.) permittivity versus frequency in the range of 50 MHz  n  800 MHz; b.) dielectric loss versus frequency in the same range as permittivity; c.) ColeeCole and d.)
conductivity versus frequency in the range of 1 MHz n  51 MHz. Conductivity (d) is calculated with (8) for 1M NaCl; 10, 15 and 20% w/v PLE; 30, 40 and 50% w/v PLEY.
Table 1
Conductivity of aqueous solutions. Conductivity of 1M
NaCl at 22 C was at 0.3% error compared with Stogryn
[20].
Solution s(U1 m1)
1M NaCl 8.1
10% w/v PLE 3.6
15% w/v PLE 3.8
20% w/v PLE 3.8
30% w/v PLEY 4.3
40% w/v PLEY 4.2
50% w/v PLEY 5.7
Fig. 5. Plots of relaxation time, t, versus peptide concentration in % (w/v) for two
separate measurements each of PLE and PLEY (shown as open and closed circles; and
open and closed squares, respectively). Relaxation times were obtained from peaks of
dielectric loss in Fig. 4b. Circles represent PLE. Squares show PLEY. Lines are guide to
the eye.
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viscometry. It was 20e50 kDa for PLEY. Therefore, one would
expect relaxation times for PLE to be larger, on average, than PLEY.
However, Fig. 4b shows that, in general, PLEY peaks of the dielectric
loss are red-shifted relative to peaks of PLE. The structural differ-
ence between PLE and PLEY is that PLEY contains a tyrosine side
chain, which would convey slightly more rigidity to the PLEY
polypeptide chain relative to PLE, due to its imposition of limits in
conformational states. Evidently, PLEY molecular chain rigidity ef-
fects prevail over molecular weight effects so that despite PLEY
being of lower molecular weight than PLE, it shows higher relax-
ation times due to higher chain rigidity stemming from the tyrosine
side chain. Fig. 5 plots relaxation time as a function of concentration
for two separate measurements each of PLE and PLEY. There was a
lapse of one week between measurements. The general trend in
both cases, is that relaxation time increases for increasing
concentrations.6. Conclusion
We have shown that it is possible to measure permittivity and
dielectric loss of concentrated polyionic peptides in aqueous solu-
tions at high frequencies utilizing a parallel-plate ﬁxture with
resistance and reactance measurements. It serves as a tool that can
obtain preliminary data quickly and cost-effectively. The ﬁxture
also makes it possible to conduct various types of additional
dielectric studies such as laser induced relaxation as well as a study
of magnetic effects on relaxation.
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